Abstract. Osteoclastic bone resorption has recently been implicated in the tooth formation and eruption in alveolar bone. Cathepsin K (CK) is a cysteine proteinase expressed predominantly in osteoclasts and is believed to play a critical role in degradation of bone matrix proteins. Here we present evidence that the alveolar bone resorption is essential for the tooth formation and that eruption proceeds normally in CK-deficient (CK-/ -) mice. Radiographic and histological analyses revealed that the alveolar bone from these animals had no significant abnormalities during the tooth development between 5 and 28 days after birth. The tooth crown was normally erupted through the alveolar bone layer at 28 days after birth. The number of tartrate-resistant acid phosphatase-positive multinuclear cells in the alveolar bone around the tooth germ was apparently increased in 5-day-old CK-/ -mice compared with age-matched littermates. More important, however, the immunohistochemical localization of matrix metalloproteinase-9 (MMP-9) was clearly increased in the CK-/ -osteoclasts. In contrast, no significant difference in the immunoreactivity for cathepsin D was observed between the CK-/-osteoclasts and the wild-type ones. These results indicate that CK-/ -osteoclasts are fully differentiated and are capable of degrading the organic phase of alveolar bone during the tooth formation and eruption, which may result from the compensatory action by MMP-9 increasingly expressed in the osteoclasts.
Introduction
Proteolytic processes are known to be critical in osteoclastic bone resorption. Degradation of bone matrix proteins is initiated by acidic lysosomal proteinases secreted from osteoclasts into the bone resorption lacunae and then is continued and completed in the intracellular endosomal/ lysosomal system. So far, a variety of lysosomal proteinases have been identified in both the lacuna and the lysosome-like organelles in actively resorbing osteoclasts (1 -5) . Among lysosomal proteinases, cathepsin K (CK) is unique in that this enzyme is predominantly expressed in osteoclasts (6, 7) and can efficiently degrade bone matrix proteins under acidic conditions, including type I collagen (8) and osteonectin (9, 10) . Taken together, the observation that selective CK inhibitors potently inhibit osteoclastic bone resorption (11 -13) suggests that this enzyme plays a critical role in the degradation of bone matrix proteins. This view is further substantiated by the findings that mutations in the CK gene are linked to pycnodysostosis, a hereditary bone disorder showing defective bone resoption (14, 15) and that CK-deficient (CK-/ -) mice develop osteopetrosis of the long bones and vertebrae (16, 17) . Histological examination of the bones of CK-/ -mice have also revealed that osteosclerotic abnormalities are predominantly found in bone tissues undergoing rapid remodeling during development such as in long bones and vertebrae, although the osteoclasts in the resorption sites appeared to be fully differentiated (17) .
On the other hand, several lines of evidence suggest that matrix metalloproteinases such as MMP-9 (gelatinase B) compensate for the degradation of bone matrix by CK (18, 19) . High levels of MMP-9 expression in osteoclasts have also been recognized in vivo and in vitro (20 -22) and its inhibitors significantly blocked the osteoclastic bone resorption in vitro (23) . These results indicate that MMP-9 may play a crucial role in the degradation process of the bone matrix.
Tooth eruption is known to require the resorption of alveolar bone overlaying the tooth crown, thereby generating an eruption pathway. However, it is unclear whether the CK deficiency induces craniofacial abnormalities during tooth development. This issue is of special importance since the impairment of bone resorption is closely related to dental abnormalities such as failure of tooth eruption and abnormal tooth morphogenesis (24, 25) . To clarify this issue, we have analyzed using the alveolar crest derived from CK-/ -mice whether the CK deficiency induces changes in the size and shape of the skull and affects the eruption and development of the incisors and molars. Furthermore, we used antibodies specific for MMP-9 and cathepsins D (CD) and B (CB) to examine their expression and localization in the CK-/ -osteoclasts on the labial alveolar bone surface during the experimental periods.
Materials and Methods

Preparation of sections
CK-/ -mice have been described previously (16) . CK-/ -mice are viable and fertile but display profound osteosclerotic abnormalities. These animals, as well as the wild-type C57BL / 6J mice, were bred and sacrificed at various ages (5, 7, 12 , and 28 days after birth). Skulls were fixed with 2.5% formaldehyde in 0.1 M sodium cacodylate buffer (pH 7.4). After taking lateral radiographs of samples with a soft X-ray system (SOFRON SRO-M50; Tanaka X-ray MFG. Co., Ltd., Tokyo), these were demineralized with 10% ethylenediaminetetraacetic acid in 0.1 M phosphate-buffered saline (PBS, pH 7.4) at 4°C for 10 days. Demineralized samples were dehydrated through a graded series of ethanol and embedded in paraffin. Then 5-m m sagittal sections of each sample were made and these were put on 3-aminopropyl-triethoxysilane-coated slides.
Immunohistochemistry
Antibodies specific for CK (25) , CB (26) , CD (27) , and tartrate-resistant acid phosphatase (TRAP) (a kind gift from Dr. B.G. Andersson, Karolinska Inst., Sweden) were used as a primary antibody. Anti-mouse MMP-9 was purchased from Santa Cruz Biotechnology, Inc.
(Santa Cruz, CA, USA). The specimens were incubated overnight at 4°C with each primary antibody that was diluted with the blocking buffer (5% skim milk / 2% fetal bovine serum / 0.05% Triton X-100 in PBS). After washing with PBS, they were treated with 0.3% H 2 O 2 in PBS to inhibit the endogenous peroxidase. The specimens were stained by avidin-biotin-peroxidase complex method using Histofine SAB-PO kit (Nichirei Co., Ltd., Tokyo) as described previously (28) . They were then incubated with 0.5 mM 3,3'-diaminobenzidine tetrahydrochloride and 0.005% H 2 O 2 in PBS. The antigenic sites were visualized as brown benzidine precipitates. The counterstaining was performed with hematoxylin. For control staining, the primary antibody was omitted or replaced by the non-immune rabbit IgG. Some specimens were also stained with hematoxylineosin (HE).
Identification of osteoclasts
To identify and quantify osteoclasts along the alveolar bone surfaces adjacent to the lower incisor, the specimens were immunostained with antibodies to TRAP that is widely used as an enzyme-histochemical marker of osteoclasts (29) . TRAP-positive osteoclasts on the labial alveolar bone surface of the incisor (1000-mm-wide from the alveolar crest) ( Fig. 1) were counted in each specimen. Values from 4 specimens at 20-mm intervals in the examined area were averaged for each animal.
Statistical analyses
Values were expressed as the mean ± S.E.M. The statistical difference between the CK-/ -and wild-type mice at each time point (days 5, 7, 12, and 28 after birth) was evaluated using the unpaired t-test (P<0.05).
Results
Radiographic evaluation
Radiographic evaluation of the maxilofacial and cranial regions from CK-/ -mice between 5 and 28 days of age revealed no significant changes in the size and shape of skulls, as compared with those from the agematched littermates (Fig. 2) . All incisors and molars were well formed, indicating that the CK deficiency has little or no effect on the eruption of these teeth. The density of X-ray images in the maxilofacial and cranial regions of CK-/ -mice was also similar to that of the littermates. The overall structure of facial and calvarial bones appeared to be normal.
Histological examination of tooth formation
Sections stained with HE were analyzed to investigate whether the CK deficiency affects the cellular events leading to the formation of tooth and alveolar bone. The tooth crown was completely surrounded by the alveolar bone in CK-/ -mice at 5 and 7 days after birth (Fig. 3) . During this period, however, the root formation was not detected in these animals. No significant differences in the size and shape of tooth organs were also demonstrated between CK-/ -mice and the age-matched littermates. At 12 days after birth, the root formation was initiated in CK-/ -mice but the tooth crown had not yet erupted into the oral cavity. At 28 days after birth, the length of developed roots in CK-/ -mice was indistinguishable from that in the wild-type mice. In addition, the tooth crown normally erupted through the alveolar bone layer of the occlusal surface into the oral cavity. In the interradicular septum, bone marrow cavities were well formed in CK-/ -mice. These results indicate that neither the tooth formation nor the tooth eruption is affected by the CK deficiency.
Osteoclasts of CK-/ -mice
As the incisors of rodents are continuously developing, the alveolar bone around the incisions undergoes rapid remodeling. To investigate whether the CK deficiency affects the differentiation and proliferation of osteoclasts, TRAP-positive cells were assessed and quantified in samples from CK-/ -mice by the histochemical staining. The number of TRAP-positive cells in the vicinity of alveolar bone around the incisors increased in an age-dependent manner and attained a peak value at 12 days after birth (Table 1) . At 5 days after birth, the number of osteoclasts on the bone surface of CK-/ -mice was significantly higher than that of the age-matched littermates (P<0.05). However, no significant difference in the number of osteoclasts was observed at 7, 12, and 28 days after birth between the CK-/ -mice and the age-matched littermates.
Immunohistochemical analyses from CK-/ -mice Serial sections of the demineralized samples containing the labial alveolar bone surface of the incisor were analyzed with specific antibodies against TRAP to compare the distribution and morphology of osteoclasts between the CK-/ -and wild-type mice. The representative photographs shown in Fig. 4 were selected from sections at the same sites from both types of animals at 7 days after birth. At the microscopic level, the actively bone-resorbing osteoclasts could be readily distinguished from other cell types, including preosteoclasts and osteoblasts, by many unique morphological characteristics, for example, the number of nuclei and the highly convoluted structure of the plasma membrane at the ruffled border attached to the bone surface, besides the TRAP-staining. The distribution and morphology of osteoclasts adjacent to the labial alveolar bone surface were similar between the CK-/ -and the wild-type mice. The resorption sites of CK-/ -mice showed indistinct zones of demineralization at the osteoclast-bone interface. This is consistent with the result obtained with the wild-type mice, suggesting that the CK deficiency does not affect the resorption of both inorganic and organic phases of the bone. Together, the observation that the CK deficiency had little or no effect on tooth formation and eruption in CK-/ -mice suggests that the alveolar bone resorption at earlier stages of the tooth crown eruption proceeds normally by the CK-/ -osteoclasts.
It has been suggested that, besides CK, a variety of endosomal/ lysosomal proteinases and / or MMPs produced by actively resorbing osteoclasts such as CB (2), CD (1, 2), and MMP-9 (19 -21) are involved in bone resorption. Immunohistochemical analyses showed that CD was clearly detectable in the cytoplasm of active osteoclasts of both wild-type and CK-/ -mice (Fig. 5) , suggesting that this enzyme is involved in the intracellular lysosomal degradation of endocytosed bone matrix proteins. On the other hand, the immunohistochemical localization of CB was not clear in the osteoclasts from both animals (not shown). The increased amounts of MMP-9, on the contrary, was seen in the vicinity of the ruffled border of active osteoclasts from CK-/ -mice at 5, 7, 12, and 28 days after birth. It should be noted that MMP-9 was scarcely detected in osteoclasts of wild-type mice under the same conditions (Fig. 6) . Considering that MMP-9 is capable of degrading the bone matrix proteins such as collagens Fig. 3 . Development of the mandibular first molar. Sagittal paraffin sections (5 mm) of mandibular first molars from the control (A -D) and CK-/-(E -H) mice were stained with HE. At 5 (A and E) and 7 days after birth (B and F), the teeth were completely surrounded by the alveolar bone, but the root formation was not observed. At 12 days after birth (C and G), the root formation was initiated. At 28 days after birth (D and H), the tooth crown erupted into the oral cavity. Scale bar, 10 mm. (18, 19) , these results strongly suggest that MMP-9 acts as a compensatory proteinase for CK in the process of osteoclastic bone resorption in CK-/ -mice.
Discussion
The present experiments were performed to investigate whether CK is essential for the tooth morphogenesis and the tooth eruption in mice, since these processes are closely associated with the osteoclastic bone resorption (30, 31) . The period between 5 to 28 days after birth represents the developmental stage of the tooth germ in mice. Therefore, it is most likely that osteoclasts are accumulated and activated on the resorbing site of alveolar bone surface. In fact, actively resorbing osteoclasts occurred abundantly on the alveolar bone surfaces of the wild-type mice (Fig. 1) . In the meantime, several studies have demonstrated that the novel lysosomal cysteine proteinase CK is critical for degradation of bone matrix proteins by osteoclasts (25, 31, 32) . It has thus far been assumed that CK-/ - TRAP-positive cells on the labial alveolar bone surface of incisor were counted in each section (1000-m m from the alveolar crest as shown in Fig. 1 ). Values from 4 sections at 20-m m intervals were averaged for each animal. The number of animals is 3 in each group. The values in the Table represent the mean ± S.E.M. The statistical difference between CK+/+ and CK-/-mice at each time point (day 5, 7, 12, and 28) was evaluated using the unpaired t-test (P<0.05). Asterisk (*) indicates a significant difference. mice may display dental and craniofacial abnormalities due to the disruption of osteoclastic bone resorption. Contrary to our expectation, however, radiological and histological analyses revealed that the morphogenesis of the craniofacial complex and tooth eruption in CK-/ -mice appeared to be normal. The morphology and abundance of TRAP-positive active osteoclasts seen in the alveolar bone surface around the tooth germ of CK-/ -mice were similar to those of the wild-type mice. The findings are not consistent with the previous finding that pycnodysostosis patients having mutation of the CK gene display abnormal craniofacial development and delayed eruption of dentition (14, 33) . Although long bones of CK-/ -mice revealed impaired bone resorption and closely resemble those described for pycnodysostosis patients, it has been reported that no overt phenotypic abnormalities were observed until the age of 10 months (16) . This discrepancy may be due to the difference of animal species. It is of specific interest to clarify the mechanism by which the alveolar bone matrix is normally resorbed in CK-/ -mice during the tooth formation and eruption. The population of TRAP-positive cells in CK-/ -mice at 5 days after birth was apparently higher than that in the age-matched littermates, although there are no difference in the abundance between the two groups during the 28 days of observation after this time. The increase in the number of osteoclasts at the earliest stage of the tooth eruption may compensate for the degradation of bone matrix proteins in CK-/ -mice. The alternative explanation is that other proteinases instead of CK may compensate for the bone resorption by the CK-/ -osteoclasts. Although the mRNA level of CK in human osteoclast is significantly higher than those of other lysosomal proteinases such as CB or cathepsin L (5), accumulating evidence has suggested that a variety of lysosomal proteinases participate in the degradation of bone matrix proteins in the experimental animals (28, 34 -37) . It is also noted that CD (1) and cathepsin E (4), another intracellular aspartic proteinase, as well as CK (3, 5, 25, 31, 38, 39) , are involved in the degradation of phagocytosed materials such as collagens in the endosomal / lysosomal system. Since there are no significant differences in immunostaining profiles of CB and CD between the CK-/ -and wild-type mice, it is thought that the endosomal / lysosomal system was normally functioning at the side facing the alveolar bone surface of CK-/ -mice.
Recently, it has been reported that the calvarial bone resorption by osteoclasts depends on the activities of cysteine proteinases, such as CK, and MMPs, such as MMP-9, whereas the long bone resorption depends primarily on the activity of cysteine proteinases, but not MMPs (19) . Rice et al. (21) has also reported that MMP-9 participates in the early stage of calvarial bone development. Since craniofacial bone is of the same origin as calvarial bone that are formed by intramembranous ossification but not long bone, our results suggesting the compensatory action of MMP-9 were well consistent with these reports. Furthermore, as it is -D) and CK-/-(E -H) mice at 5, 7, 12, and 28 days after birth were immunostained by antibodies specific for human MMP-9. Each section was visualized as brown benzidine precipitates and counterstaining was performed with hematoxylin. The immunoreaction products for MMP-9 are seen in osteoclasts from CK-/-mice at all days, although those from wild-type mice are only scarcely seen in osteoclasts. Scale bar, 20 mm. Arrowheads indicate osteoclasts.
reported that MMP-9 is expressed extracellularly (19) , it is likely that MMP-9 participates in the extracellular degradation of bone organic matrix in CK-/ -mice. Histological and radiographical studies of 2-month-old MMP-9-deficient mice also revealed no obvious phenotype in the skull (40) , on the contrary, suggesting that this may result from the compensatory action of CK increasingly expressed in craniofacial bones. Thus the present study provides the first evidence that the CK-/ -osteoclasts are fully differentiated and are capable of degrading the organic phase of alveolar bone during the tooth formation and eruption, which may result from the compensatory action by MMP-9 increasingly expressed in the osteoclasts.
